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ABSTRACT
The objective of this study was to develop an index 
to rank dairy females on expected profit for the remain-
der of their lifetime, taking cognizance of both additive 
and nonadditive genetic merit, permanent environmen-
tal effects, and current states of the animal including 
the most recent calving date and cow parity. The cow 
own worth (COW) index is intended to be used for 
culling the expected least profitable females in a herd, 
as well as inform purchase and pricing decisions for 
trading of females. The framework of the COW index 
consisted of the profit accruing from (1) the current 
lactation, (2) future lactations, and (3) net replacement 
cost differential. The COW index was generated from 
estimated performance values (sum of additive genetic 
merit, nonadditive genetic merit, and permanent envi-
ronmental effects) of traits, their respective net margin 
values, and transition probability matrices for month 
of calving, survival, and somatic cell count; the transi-
tion matrices were to account for predicted change in 
a cow’s state in the future. Transition matrices were 
generated from 3,156,109 lactation records from the 
Irish national database between the years 2010 and 
2013. Phenotypic performance records for 162,981 cows 
in the year 2012 were used to validate the COW index. 
Genetic and permanent environmental effects (where 
applicable) were available for these cows from the 2011 
national genetic evaluations and used to calculate the 
COW index and their national breeding index values 
(includes only additive genetic effects). Cows were 
stratified per quartile within herd, based on their COW 
index value and national breeding index value. The cor-
relation between individual animal COW index value 
and national breeding index value was 0.65. Month of 
calving of the cow in her current lactation explained 
18% of the variation in the COW index, with the parity 
of the cow explaining an additional 3 percentage units 
of the variance in the COW index. Females ranking 
higher on the COW index yielded more milk and milk 
solids and calved earlier in the calving season than their 
lower ranking contemporaries. The difference in pheno-
typic performance between the best and worst quartiles 
was larger for cows ranked on COW index than cows 
ranked on the national breeding index. The COW index 
is useful to rank females before culling or purchasing 
decisions on expected profit and is complementary to 
the national breeding index, which identifies the most 
suitable females for breeding replacements.
Key words:  genetic, heterosis, recombination, perma-
nent environment
INTRODUCTION
Culling regimens can have a significant effect on 
dairy herd profit. Designing an optimal strategy to 
cull cows that are no longer profitable is not trivial 
and has been discussed extensively (Beaudeau et al., 
1996; Weigel et al., 2003; Fetrow et al., 2006; Hadley 
et al., 2006). Excessive culling implies additional costs 
to generate the necessary replacement requirements, 
but also imposes subsequent losses in profit where the 
age profile of the herd is reduced (lower production 
capacity from primiparous cows compared with their 
mature herd mates). In contrast, delayed culling results 
in underperforming cows remaining in the herd while 
incurring opportunity costs by foregoing genetic gain 
and associated superior productive capacity from ge-
netically superior replacement females.
Computerized culling models have facilitated the in-
tegration of scientific concepts in an attempt to mimic 
the reality of complex processes. Although significant 
advances in the development of these models have 
been made (Stewart et al., 1977; Ben-Ari et al., 1983; 
Dijkhuizen et al., 1986; Lopez-Villalobos et al., 2010; 
Nielsen et al., 2010), producers generally continue to 
rely on their own intuition for making culling deci-
sions (Lehenbauer and Oltjen, 1998). Of the models 
that have been commercially implemented, including 
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Dairy Comp 305 (Valley Agricultural Software, Tulare, 
CA) and an economic cow value tool (http://dairymgt.
info/tools/cow_value_resp/newindex.php), individual 
farm-specific data entry is required from the user. An 
opportunity exists to provide dairy producers with 
a means to rank cows on expected profitability and 
compare across herds without requiring additional data 
collection or entry.
An alternative tool could therefore aid producers in 
ranking animals on expected profit for the remainder 
of their lifetime, taking cognizance of factors intrinsic 
to maximize profit by maintaining optimal herd dy-
namics. To maximize the profit associated with the 
herd dynamics, the least-profitable animals are culled 
and more-profitable replacement animals, usually nul-
liparae, generated from the mating of genetically elite 
parents, are introduced. The selection of dams of the 
subsequent generation is generally based on additive 
genetic merit of the female and, in dairy cattle at least, 
this is predominantly based on an overall breeding goal 
ranking of the females. Although most national breed-
ing goals incorporate the additive genetic merit for 
survival, culling decisions, in contrast, are based on a 
combination of genetic merit (additive and nonadditive 
genetic effects) and nongenetic factors, the latter includ-
ing, for example, pregnancy status or expected calving 
date, udder health, and age of the animal. Nonadditive 
genetic effects (intra- and interlocus interactions) are 
not included in most national breeding goals; thus the 
expected performance of crossbred animals based on 
EBV may underestimate the actual future performance 
of an individual and expected lifetime profit. The su-
perior performance of a crossbred individual relative to 
its parental mean performance, termed heterosis, is an 
artifact of increased genomic heterozygosity exploiting 
dominance variance, but also reducing the probability 
of homozygous recessive deleterious alleles affecting 
performance (Falconer and Mackay, 1996). Conversely, 
recombination loss is a consequence of loss in epistatic 
effects, where favorably linked loci that had previously 
produced a competitive advantage in certain traits due 
to generations of selection are broken down with further 
lines of crossbreeding, thereby reducing performance 
(Swan and Kinghorn, 1992). Nongenetic, permanent 
environmental effects also contribute to phenotypic 
variation. Such effects are environmental influences 
that permanently affect the individual’s performance 
throughout its lifetime but are not transmitted to off-
spring (Kruuk and Hadfield, 2007).
The objective of the current study was to develop 
the framework for a tool to rank females on expected 
lifetime profitability, taking cognizance of total genetic 
merit (i.e., additive and nonadditive genetic merit) of 
the animal as well as both permanent and temporary 
(e.g., season of calving, parity) environmental effects. 
This tool will consider the profitability ensuing from 
(1) the current lactation and (2) future lactations, tak-
ing into consideration the future anticipated longevity 
of the animal, as well as (3) the implications for the 
herd replacement strategy. Providing producers with 
a tool to rank females, across ages, based on expected 
profit is essential in enabling more informed manage-
rial decisions to distinguish between underperforming 
females to cull in the herd and females that should be 
retained or purchased.
MATERIALS AND METHODS
Model Formulation
The cow own worth (COW) model was developed to 
rank cows on expected lifetime profitability. The model 
comprised 3 main components: (1) expected profit in 
the current lactation (CL); (2) expected profit in the 
future lactations (FL); and (3) net replacement cost 
differential (NRCD), calculated as
COW = CL + FL + NRCD.
CL. Current lactation value describes the profit po-
tential of the cow from a 305-d lactation (as per the 
current national genetic evaluation), given her current 
month of calving. The calculation of CL was:
 CL PNM EPVMOC= + ⋅
=
∑π t t
t 1
9
, 
where CL is the expected profit output for the current 
lactation, given the current month of calving; πMOC is 
the profit differential for current month of calving rela-
tive to a February calving (i.e., base) cow (Table 1); 
t is a trait of the current lactation performance (milk 
yield, fat yield, protein yield, cull cow weight, milking 
speed, milking temperament, mastitis, lameness, and 
SCC; Table 2); PNMt is the present net margin, using 
prevailing market prices and costs, associated with a 
one unit change in trait t (Table 2); and EPVt is the 
estimated performance value (EPV) for each of the 9 
traits t (described herein).
FL. Future lactation value describes the future profit 
potential of the cow over a 10-lactation horizon. Future 
profit in the present study was calculated as a func-
tion of the EPV for traits of economic importance, and 
the expected future survival, reproduction, and SCC 
transition probabilities, as well as profit accruing from 
dairy female descendants:
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where si = P(Survivali|MOCi*, Parity, EPVsurvival), and 
where FL is the sum of the profit for the arbitrarily 
chosen 10 subsequent lactations; i* is the lactation 
number of the initial lactation of the FL component, 
which is currently calculated as the lactation number 
for the next full lactation expected for the cow if not 
culled at the pending decision point for culling; si is the 
survival probability from parity i* to parity i, where 
P(Survivali|MOCi*, Parity, EPVsurvival) is the probability 
of surviving to the next lactation, given the current 
month of calving (MOCi*), current parity, and EPV 
group for survival (EPVsurvival), modeled using matrices 
of transition probabilities derived from national data 
(described in detail later); 
1
1+ r
 is a discounting factor 
with an annual discount rate (r) of 7% (Berry et al., 
2006); FNMt is the future net margin value based on 
estimates of future market prices and costs, associated 
with a 1-unit change in trait t (Table 2); EPVt is the 
estimated performance value of trait t, where t is milk 
yield, fat yield, protein yield, cull cow weight, milking 
speed, milking temperament, mastitis, lameness, direct 
calving difficulty, maternal calving difficulty, calf mor-
tality, progeny carcass conformation, progeny carcass 
fat, and progeny carcass weight; 
P
j i
MOC MOC EPVnext CIV*,( ) is the probability of calv-
ing in the jth month (January to May) in the following 
lactation, given the current month of calving (MOCi*) 
and EPV group for calving interval (EPVCIV), described 
in detail herein; πj is the profit differential for each 
month of calving j using future market prices, relative 
to the base month of calving, February (Table 1); 
P
k i
SCC SCC Paritynext SCS*, EPV ,( ) is the probability of 
the cow residing in the kth SCC group in the next lac-
tation, given the SCC group in the current lactation 
(SCCi*), EPVSCS group, and parity, described using 
transition matrices; αk is the profit differential for each 
SCC group k, derived from the mean difference of each 
SCC group multiplied by the future market cost for 
SCC, and relative to the average (i.e., base) SCC group 
(Table 1). There is an implicit assumption here that the 
probabilities of being in each of the future months of 
calving and future SCC categories will remain constant Ta
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for the rest of the cow’s life. Although this is an ap-
proximation, it greatly reduces the dimensionality of 
the transition probability matrices required, and insuf-
ficient industry data exists to estimate many of these 
probabilities without considerable error.
The value of future daughter replacements (D) was 
calculated as
D = EBI · CDE, 
where EBI is the national breeding goal value of the 
cow [economic breeding index (EBI); Berry et al., 2007, 
ICBF, 2014], and CDE is the cumulative discounted 
expressions for an annual trait and is assumed to be 
0.89 (Berry et al., 2006). The EBI is based on PTA 
(i.e., expected performance of progeny). The cumula-
tive discounted expressions accounts for the timing and 
frequency of expression of a trait, as well as the prob-
ability that a calf born becomes a dairy replacement.
Net Replacement Cost Differential. The NRCD 
was estimated as the savings in replacement costs (RC) 
net of cull cow salvage value (CSV) that would be 
retained if a cow in lactation i was not culled;
NRCDi = (1 − ρi) · (CSV− RC), 
where ρi is the long-term change in replacement re-
quirements to maintain a stable herd structure if 1 cow 
is culled at the end of parity i, and accounts for the 
fact that less replacements are required in the long-
term when an older cow is culled, because older cull 
cows would need to be replaced soon anyway. The RC 
is the total cost of supplying an extra replacement to 
the herd. The CSV is the cull carcass value of a cow 
calculated as:
CSV = SV + NMCCW · EPVCCW, 
where SV is the average salvage value for a cull cow; 
NMCCW is the net margin value per kilogram for cull 
cow weight (Table 2); EPVCCW is the estimated perfor-
mance value for cull cow weight.
EPV
The EPV of each animal were calculated as the sum 
of the EBV, heterosis and recombination loss contribu-
tion, and permanent environment effect (where consid-
ered in the genetic evaluation model). An adjustment 
was made to the EBV and permanent environmental 
effects for milk production traits to rescale from mature 
equivalents; EBV and permanent environment effects 
for cows in parity 1 and 2 were divided by a factor of 
1.22 and 1.07, respectively, based on calculations under-
taken on the milk production parity effects documented 
by Horan et al. (2005) for Irish dairy cows.
Transition Matrices
A transition matrix uses past information to estimate 
the probability of transition from one state to another, 
over time. This is known as the Markovian property 
(Gamerman and Lopes, 2006). Transition probabilities 
were calculated using national data between the years 
2010 and 2013 (data described herein). Calving date for 
the current lactation was grouped by calendar month. 
Table 2. Net margin values for the different components of the cow own worth index using prevailing 2014 or future market prices per unit 
change of each trait, derived from the Moorepark Dairy Systems Model (Shalloo et al., 2004)
Subindex Trait (t)
Net margin value (€/unit change in t)
Prevailing 2014 price1 Future price
Production Milk (kg) −0.07 −0.09
 Fat (kg) 2.82 1.04
 Protein (kg) 8.07 6.64
Calving Direct calving difficulty (%) — −3.52
 Maternal calving difficulty (%) — −1.73
 Calf mortality (%) — −2.58
Beef Cull cow weight (kg) — 0.15
 Carcass weight (kg) — 1.38
 Carcass conformation (grade) — 10.32
 Carcass fat (%) — −11.71
Maintenance Cull cow weight (kg) −0.74 −1.65
Management Milking time (seconds) −0.25 −0.25
 Milking temperament (score) 33.69 33.69
Health Lameness (%) −54.26 −54.26
 SCS (natural log of SCC) −43.49 −43.49
 Mastitis (%) −77.10 −77.10
1Prevailing 2014 price used for traits in the current lactation component of the COW index only (no values for calving and beef traits).
Journal of Dairy Science Vol. 98 No. 6, 2015
OUR INDUSTRY TODAY 4229
The probability of a cow remaining in her current state 
or transitioning to another state in the subsequent 
lactation, or transition matrix, was estimated for (1) 
calving month, (2) survival to the next lactation, and 
(3) lactation average SCC. The current state was cur-
rent month of calving for the calving month and sur-
vival transition matrix, and current SCC group for the 
SCC transition matrix. Cow EPV for calving interval, 
survival, and SCC were categorized into 10 percentile 
groups.
(1) Calving Month Transition Matrix. A 2-di-
mensional 12 (month of calving in current lactation; 
January to December) × 5 (month of subsequent 
calving; January to May representing spring calving) 
transition matrix was constructed. The probability of 
calving in a spring month in the subsequent lactation 
was calculated given the actual calving month in the 
current lactation. This 2-dimensional transition matrix 
was calculated for each of the 10 calving interval EPV 
groups, thereby producing a 3-dimensional array (12 × 
5 × 10).
(2) Survival Transition Matrix. Cows were as-
sumed to have survived from one lactation to the next 
where a calving date existed for the subsequent lacta-
tion. A cow was considered not to have survived to the 
subsequent lactation if she did not recalve within 450 
d of her herd’s last recorded calving date or the date 
of calving in the subsequent lactation was after May 
31; such a strict criterion was imposed to reflect the 
seasonal calving system in Ireland (Berry et al., 2013). 
Cows without a most recent calving date within 450 d 
of the date of data extraction were coded as missing, as 
it was uncertain as to whether these cows were due to 
calve or were involuntarily culled at this time. For first-
parity cows, only calving dates for cows aged between 
21 and 30 mo at the time of calving were retained. Cows 
older than or equal to parity 6 were grouped together.
A 2-dimensional 12 (month of calving in current 
lactation; January to December) × 6 (parity; 1 to 6+) 
transition matrix was constructed. This 2-dimensional 
transition matrix was calculated for each of the 10 sur-
vival EPV groups thereby producing a 3-dimensional 
array (12 × 6 × 10).
(3) SCC Transition Matrix. A 2-dimensional 3 
(SCC group in the current lactation) × 3 (SCC group 
in subsequent lactation) transition matrix was con-
structed. Cows were grouped into 3 SCC categories, 
≤150,000 cells/mL (group 1), 150,001 to 400,000 cells/
mL (group 2), and ≥400,000 cells/mL (group 3). This 
2-dimensional transition matrix was calculated for each 
of the 10 SCS EPV groups, thereby producing a 3-di-
mensional array (3 × 3 × 10). This was constructed for 
6 parities, where cows older than or equal to parity 6 
were grouped together.
Replacement Probabilities
The long-term change in replacement requirements 
for a herd of constant cow numbers over time was mod-
eled to obtain values for ρi used in the calculation of 
the net replacement cost differential value. Long-term 
replacement implications are dependent on the age of 
individual cows culled. Culling an older cow effectively 
makes the average age of the herd younger, and the con-
verse is true where a younger cow is culled. A younger 
herd will require less total future replacements than an 
older herd. Values of ρi (0.9, 0.76, 0.66, and 0.56 for 
parities 1, 2, 3, and >3, respectively) were calculated 
using the same method and values described in Amer 
et al. (2001).
Data
Calving dates of 3,156,109 Irish dairy lactations from 
spring-calving herds (herd size ≥50) were extracted 
from the Irish Cattle Breeding Federation (ICBF) da-
tabase for the years 2010 to 2013, inclusive. Phenotypes 
for SCC were also extracted for the years 2010 to 2013, 
inclusive, and were log-transformed. Only herds with 
≥80% of cows calved within the first 5 mo of the year 
were included to represent spring-calving herds, which 
is the predominant production system in Ireland (Berry 
et al., 2013). Individual animal EBV for traits included 
in the EBI, from the April domestic genetic evaluations 
in 2011, were used. Genetic evaluations for 305-d milk, 
fat, and protein yield, as well as SCS (natural logarithm 
of SCC) were undertaken by the ICBF using a multi-
breed repeatability model; therefore, individual animal 
permanent environmental effects were also available 
for these traits. A multitrait, multibreed animal model 
was used in the genetic evaluations of reproductive 
performance and survival, as well as the genetic merit 
of calving performance and beef performance (Berry et 
al., 2006, 2007, 2013; Pabiou et al., 2012) A multibreed 
animal repeatability model was used for management 
performance traits and a univariate multibreed animal 
repeatability model was used for genetic evaluations of 
health traits (Berry et al., 2007; ICBF, 2014; Table 2). 
Heterosis and recombination loss coefficients for each 
animal and their respective regression coefficients as-
sociated with each of the performance traits were also 
available for all traits included in the national genetic 
evaluation (Ahlborn-Breier and Hohenboken, 1991).
Economic Parameters
The effect on net margin for traits to be considered 
in the COW index were obtained from the Moorepark 
Dairy Systems Model (MDSM; Shalloo et al., 2004) 
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for a prevailing (i.e., in the present study the year 2014 
was chosen) price and future price scenario (Tables 1 
and 2). The MDSM is a stochastic budgetary simula-
tion model that simulates the economic consequences 
from a comprehensive integration of herd performance, 
nutritional requirements, land use, and total inputs and 
outputs annually for spring-calving, grass-based milk 
production systems. The model assumes that cows 
are fed a predominantly grass-based diet. The MDSM 
adopts the net energy requirements system (Jarrige, 
1989) for milk production, maintenance, pregnancy, 
and BW change, with adjustments for different propor-
tions of feed (grass, grass silage, and concentrate).
Profit differences between optimum calving (early 
calving; January 15 to February 28, inclusive) and 
later spring-calving months were also defined from the 
MDSM, assuming cows were dried off on December 
1. The prevailing 2014 price was set at 34.5 c/L and 
was calculated from the average milk price over 2 mo 
(July and August) in 2014, from 2 Irish milk processors 
(LTO, 2014). For future pricing, cows were assumed 
to produce for 305 d per lactation and the milk price 
was set at 29.5 c/L (Shalloo et al., 2014); this is con-
sistent with what is currently used in the Irish national 
breeding goal, the EBI. Net margin values used in the 
calculation of the NRCD value included the cost of a 
replacement heifer with a value of €1,545 and the aver-
age salvage value for a cull cow of €484 (Shalloo et al., 
2014).
Index Evaluation
Individual cow EBI values and COW index values 
were generated using the information (individual cow 
PTA, permanent environmental effects, heterosis coef-
ficients, recombination loss coefficients for economically 
important traits, as well as parity and month of calving) 
from the April 2011 national genetic evaluations; only 
cows residing in spring-calving herds with ≥50 cows 
were retained. Cows were categorized, within herd, 
into 4 groups based on their value for either the COW 
or EBI index. Only cows that had phenotypic perfor-
mance data for milk production traits (milk yield, fat 
yield and percentage, protein yield and percentage, and 
SCS), fertility (between 300 and 600 d), and survival 
for the calendar year 2012 were retained. Survival from 
the year 2011 to 2012 was defined as whether or not a 
cow had survived to the next lactation by the presence 
(survival = 1) or absence (survival = 0) of a calving 
date within the spring calving season (calving date 
between January and May) of the subsequent lacta-
tion. After editing, COW values and EBI values, as 
well as phenotypic performance data, were available on 
162,981 cows in 2,077 herds.
The association between month of calving and parity 
with the dependent variables of either the COW or EBI 
index was quantified using a fixed effects linear model 
in PROC GLM (SAS Institute, 2011). A fixed effects 
linear model was used to determine the mean COW 
and EBI values of purebred Holstein, Friesian, and 
Jersey. The fixed effects included parity, breed propor-
tion (Holstein breed proportion was not included in the 
model to avoid linear dependencies), and breed-specific 
heterosis effects for Holstein-Friesian, Holstein-Jersey, 
and Friesian-Jersey.
A fixed effects linear model was also used to quantify 
the association between each quartile of the COW and 
EBI index separately (independent variable) with milk, 
fat and protein yield, as well as SCS (dependent vari-
able) in the year 2014 using PROC GLM (SAS Insti-
tute, 2011). The logit of the probability of survival to 
the next lactation was modeled using logistic regression 
in PROC GENMOD (SAS Institute, 2011). Quartiles 
for the COW or EBI index as well as parity were in-
cluded as fixed effects in the model.
RESULTS
Transition Matrices
The probability of calving in each calendar month 
in the subsequent lactation, given the current month 
of calving, for the best decile and worst decile EPV 
cows for calving interval is presented in Figure 1. The 
complete transition matrix is provided in Supplemen-
tary Table S1 (http://dx.doi.org/10.3168/jds.2014-
9073). The highest EPV cows for calving interval had 
a greater probability of recalving earlier in the spring 
calving season (February) compared with the lowest 
EPV cows. February-calving cows in the top decile EPV 
for calving interval were more likely (an additional 15 
percentage units) to calve the following February or 
earlier compared with the bottom decile EPV for calv-
ing interval. The majority (89%) of the top decile EPV 
cows were expected to have calved by the end of March 
of the following year, whereas only 79% of the bottom 
decile EPV cows were expected to calve by the end of 
March.
The probability of surviving to the next lactation for 
cows in the best decile and worst decile on EPV for 
survival is presented in Figure 2 (see Supplementary 
Table S2 for the complete transition matrix; http://
dx.doi.org/10.3168/jds.2014-9073). Younger cows had 
a greater probability of surviving to the next lacta-
tion compared with older cows of the same EPV for 
survival. The highest decile EPV cows had the greatest 
probability of surviving to the next lactation across all 
combinations of month of calving and parity (Figure 
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2). For example, the highest decile EPV, February-
calving, primiparous cows were more likely (an addi-
tional 22 percentage units) to survive to the next lac-
tation compared with worst decile EPV, primiparous, 
February-calving cows. Fewer than half the parity 5, 
April-calving cows in the worst decile for EPV were 
expected to survive to the next lactation; the corre-
sponding statistic for parity 5 April-calving cows in the 
top decile was 81%. The probability of surviving to the 
next lactation diminished rapidly for cows calving later 
in the calving season (April onward); for example, a 
21-percentage-unit difference was observed in survival 
to the next lactation for the best decile EPV, April-
calving, parity 5 cows compared with the best decile 
EPV, June-calving, parity 5 cows (81 and 60% survival 
rate to the next lactation, respectively).
The probability of a cow transitioning between 
a phenotypically low SCC to a phenotypically high 
SCC for parity 3 cows in the best and worst decile on 
EPV SCS is presented in Figure 3 (see Supplementary 
Table S3 for complete transition matrix; http://dx.doi.
org/10.3168/jds.2014-9073). The highest decile EPV 
cows had a greater probability of having a low SCC 
in the subsequent lactation, irrespective of SCC in the 
current lactation. For example, 91% of the low-SCC 
cows in the top decile SCS EPV were expected to reside 
in the low SCC category in the subsequent lactation, 
and 84% of high-SCC cows in the top decile SCS EPV 
were also expected to reside in the low SCC category 
in the subsequent lactation. High-SCC cows in the bot-
tom decile SCS EPV were less likely (an additional 66 
percentage units) to have low SCC in the subsequent 
lactation compared with high SCC cows in the top 
decile SCS EPV (18 and 84% probability of low SCC 
in the subsequent lactation, respectively). Over half of 
high-SCC cows in the bottom decile SCS EPV were 
expected to remain in the high SCC category in the 
next lactation.
COW Index
Descriptive statistics for the COW index and its 
components are in Table 3. Across all herds, the COW 
index was moderately positively correlated (r = 0.65) 
with the EBI; within a herd the correlation between 
COW and EBI varied from 0.08 to 0.89. The standard 
deviation for the COW index was almost 10 times the 
standard deviation of the EBI. The standard deviation 
for the FL was almost twice as large as that of the 
CL. Of the 3 components contributing to the COW 
Figure 1. Probability of calving in a given month in the subsequent 
lactation for the top 10% estimated performance value (EPV) cows 
(black) and bottom 10% EPV cows (gray) calving in the current lacta-
tion in February (solid lines) or March (dashed lines).
Figure 2. Probability of surviving to the next lactation given the 
month of calving in the current lactation for the top 10% estimated 
performance value (EPV) cows (black) and bottom 10% EPV cows 
(gray) for survival for parity 1 (solid lines) and parity 5 (dashed lines) 
cows.
Figure 3. Probability for low SCC (solid lines) and high SCC 
(dashed lines) cows in the current lactation residing in the low 
(≤150,000 cells/mL), medium (150,001–400,000 cells/mL), or high 
(≥400,000 cells/mL) SCC category in the subsequent lactation for the 
top 10% estimated performance value (EPV) cows (black) and bottom 
10% EPV cows (gray) for SCC, respectively, in parity 3 cows.
4232 KELLEHER ET AL.
Journal of Dairy Science Vol. 98 No. 6, 2015
index, the FL component had the strongest correlation 
(r = 0.93) with the COW index. Both the CL and FL 
were strongly positively correlated (r = 0.68) with each 
other.
Correlations between both the COW and EBI index 
with both additive genetic merit (PTA) and phenotypic 
performance for a range of traits are presented in Table 
4. The COW index had a moderate to strong correla-
tion (0.24 to 0.51) with genetic merit for milk yield, 
fat percentage, and protein percentage. The EBI was 
more strongly correlated with genetic merit for calving 
interval and survival than the COW index.
The current month of calving explained 18% of the 
variance in the COW index, and 21% of the variance 
in the COW index was explained by both parity and 
current month of calving combined. Current month of 
calving explained only 1% of the variance in the EBI 
index; current month of calving and parity together 
explained only 2% of the variance in EBI.
Primiparous cows ranked higher (P < 0.001) on both 
the COW and EBI index than their older contempo-
raries. The mean COW value decreased with later 
calving in the calving season, for both parity 1 and 5 
cows (Figure 4). For example, primiparous cows calving 
in April are expected to be €409 less profitable than 
primiparous cows calving in February. The difference 
in average EBI between extreme months of calving or 
between extreme parities was less than the differences 
in COW index values between the extremes; cows calv-
ing in February had, on average, a €10 greater EBI 
compared with cows calving in April, and primiparous 
cows had, on average, a €13 greater EBI compared with 
parity 5 cows.
A comparison between the EBI and COW index val-
ues for cows within a randomly chosen herd (n = 169 
cows) from the national database is presented in Figure 
5. A positive correlation (r = 0.66) existed between the 
EBI and COW values. The majority of the highest-
ranking cows on the COW index calved in February. 
An example of the disparity between the indices was 
where a cow ranking in the lowest 15% for EBI was 
ranked in the top 15% for COW in the herd on the 
COW index. Details of the cow’s performance in 2012 
revealed that this second-parity cow calved early in the 
calving season (February), produced 7,704 kg of milk 
containing 609 kg of milk solids, and resided in the low 
SCC category. The cow with the highest COW value 
had an EBI €59 less than that of the best EBI cow, 
whereas the second-best cow on the COW index had 
€95 less of an EBI relative to the best EBI cow.
Breed effects and breed-specific heterosis effects for 
first-generation crossbred cows were estimated for the 
COW and EBI index (Table 5). The COW value of 
Holstein cows was superior (P < 0.001) to Friesian cows 
but less (P < 0.001) than Jersey cows. Jersey cows 
were superior (P < 0.001) compared with the other 
breeds on EBI. The breed-specific heterosis effects 
were positive for both indices. One hundred percent 
heterosis (i.e., from a first cross) from a Friesian-Jersey 
cross (€597) had the greatest (P < 0.001) COW value 
compared with a Holstein-Jersey cross (€472) and a 
Holstein-Friesian cross (€245). Heterosis effects on EBI 
were small.
Table 3. Mean (μ), SD, and correlations between the national genetic evaluation index (EBI), the cow 
own worth (COW), and each of the COW index components: current lactation (CL), future lactation plus 
descendants (FL), and net replacement cost differential (NRCD)
Item EBI COW CL FL NRCD
μ (€) 115.46 100.51 −30.61 432.20 −301.08
SD (€) 53.45 509.54 189.54 349.17 141.40
EBI  0.65 0.28 0.74 0.11
COW   0.82 0.93 0.22
CL    0.68 −0.06
FL     −0.05
Figure 4. Mean (SE) cow own worth (COW; solid line) and eco-
nomic breeding index (EBI; dashed line) for each month of calving, for 
parity 1 (black) and parity 5 cows (gray).
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Comparison of Cows Stratified on COW or EBI
Mean parity number per quartile of the COW index 
was 3.06, 3.18, 3.47, and 3.91 in order of decreasing 
COW index ranked from the top to the bottom quar-
tile. The lowest-ranking cows (bottom quartile) on the 
COW index yielded the least (P < 0.001) amount of 
milk; cows in the top quartile yielded 801 kg more milk 
than the lowest quartile of cows ranked on the COW 
index (Table 6). Similarly, the worst quartile of cows 
ranked on the COW index had a lower milk fat and 
protein concentration, and a greater SCC, than all 
other quartiles (P < 0.001). When cows were ranked 
using the COW index, cows produced 39, 25, and 17 
kg more (P < 0.001) fat, 37, 24, and 12 kg more (P 
< 0.001) protein, and 76, 62, and 32 thousand cells 
per milliliter less (P < 0.001) SCC, respectively, when 
the highest to lower quartiles were compared with the 
lowest quartile.
Although a statistical difference (P < 0.001) in mean 
parity number per quartile of the EBI existed, the bio-
logical difference was relatively small: 3.30, 3.32, 3.42, 
and 3.57 in order of decreasing EBI ranking from the 
top to the bottom quartile. Cows ranked in the lowest 
quartile for the EBI produced 207 kg less (P < 0.001) 
milk than cows ranked in the highest quartile on the 
EBI; relative to the lowest quartile of cows ranked on 
the EBI, cows in higher-ranking quartiles, in order of 
best to worse, produced 20, 12, and 7 kg more (P < 
0.001) fat, 16, 10, and 6 kg more (P < 0.001) protein, 
and 56, 37, and 23 thousand cells per milliliter less (P 
< 0.001) SCC, respectively.
Relative to the lowest COW quartile, the odds (95% 
confidence intervals in parentheses) of a cow in the 
highest COW quartile surviving to the next lactation 
was 2.89 (2.78–3.00); the odds ratio for the correspond-
ing comparison of cows divergent for EBI was 3.10 
(2.98–3.22). Cows calving earlier in the spring were 
more likely to rank higher for both COW and EBI (Fig-
ure 6a and 6b). A greater proportion of the top quartile 
of cows on the COW index calved early in the season 
compared with the top quartile of cows on the EBI.
DISCUSSION
The motivation for the development of a ranking 
tool, supplementary to the current national breeding 
index, was that cows expressing favorable nonadditive 
genetic effects (heterosis) as well as favorable environ-
mental effects (calving at the optimal time of the year, 
positive permanent environmental effects) should be 
rewarded, as they will, on average, yield more profit 
for the remainder of their lifetime. Such a tool is par-
ticularly timely, as the exploitation of crossbreeding 
programs in some populations intensifies, such as Den-
mark (Sørensen et al., 2008) and New Zealand (LIC, 
2014); but also as reproductive performance improves 
in many populations (Berry et al., 2014) and the scope 
for voluntary culling increases.
Table 4. Correlations between both the cow own worth (COW) and economic breeding index (EBI) with both 
genetic merit and phenotypic performance for a range of traits
Item
COW EBI
Genetic Phenotypic Genetic Phenotypic
Milk (kg) 0.24 0.06 −0.11 −0.18
Fat (%) 0.51 0.18 0.27 0.26
Protein (%) 0.51 0.30 0.16 0.33
SCC −0.17 −0.12 −0.15 −0.11
Calving interval (d) −0.22 −0.01 −0.73 −0.14
Survival (%) 0.28 0.20 0.74 0.22
Table 5. Mean breed effects relative to the Holstein for the cow own worth (COW) and economic breeding 
index (EBI), and breed-specific heterosis effects for the lifetime of a cow for the COW (below diagonal) and 
EBI index (above diagonal)1
Item Subset Holstein Friesian Jersey
Mean (€) COW 0 −84 263
 EBI 0 50 83
Heterosis (€) Holstein  23 28
 Friesian 245  74
 Jersey 472 597  
1All effects statistically significant (P < 0.001).
4234 KELLEHER ET AL.
Journal of Dairy Science Vol. 98 No. 6, 2015
The COW index is not a proposed replacement for 
the national breeding goal, the EBI. Furthermore, 
the COW index is not generated for males. It can be 
generated for all females. The EBI of an individual is 
composed of the additive genetic merit of that indi-
vidual and thus reflects the contribution of that in-
dividual to the expected performance of its progeny; 
this, therefore, is a suitable index for the identification 
of genetically elite females (and males) as parents of 
the next generation. The COW index incorporates ad-
ditional phenotypic information such as calving date 
and cow parity as well as nonadditive genetic merit and 
permanent environmental merit. The COW index, how-
ever, recognizes that the phenotypic performance of an 
individual is also partly determined by the individual’s 
additive genetic merit; this is reflected in the positive 
correlation (0.65) between the EBI and COW index 
owing to the part-whole relationship between both indi-
ces. Thus, the EBI index is an aid in the identification 
of parents of the next generation whereas the COW 
index is for the identification of females for culling or 
for purchasing. The unsuitability of the COW index 
as a tool for identifying females as parents of the next 
generation is substantiated by the differential in profit 
between different months of calving (Table 1); if, for 
example, a producer failed to detect a cow in estrus it 
would reduce her current lactation expected profit by 
€210 if this meant a slippage from March calving to 
April calving.
Formation of the COW Index
The COW index was designed to reflect the future 
anticipated profit of a cow based on factors such as 
additive genetic merit, nonadditive genetic merit, per-
manent environmental effects, calving month, expected 
subsequent calving month, and parity. A somewhat 
similar index, Production Worth (Harris, 2005), exists 
in New Zealand and ranks cows on expected future 
profitability and is proposed for use in the culling 
and purchasing of cows. Production Worth includes 
the additive genetic merit, heterosis, and permanent 
environmental effects for milk yield, fat yield, protein 
yield, and live weight (Clark et al., 2013). It does not, 
however, consider any measure of reproductive perfor-
mance either at a genetic or phenotypic level nor does 
it consider the age of the cow or the month of calv-
ing, both of which influence culling decisions (Berry 
et al., 2005); this is possibly why Production Worth is 
more strongly correlated (0.79; Clark et al., 2013) with 
Figure 5. Scatterplot between the cow own worth (COW) and economic breeding index (EBI) values by month of calving (January = ۫; 
February = □; March = ; April = ×) for an example herd from the national database (n = 169 cows).
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their national breeding goal, Breeding Worth, than the 
correlation observed in the present study between the 
COW and EBI indices. Lactation Worth, as used in 
New Zealand (Harris, 2005), ranks cows on current sea-
son performance only and is analogous to CL as defined 
in the present study, although Lactation Worth does 
not consider the effect of the current month of calving 
on the expected lactation performance of the animal.
Although the heritability of reproductive performance 
is low (Berry et al., 2014), total genetic merit (additive 
plus nonadditive genetic merit) does nonetheless affect 
the transition probabilities from the current calving 
month to the month of calving in the subsequent lac-
tation. Moreover, the consequence of calving month, 
irrespective of genetic merit, is of huge economic impor-
tance in seasonal calving systems (Shalloo et al., 2014), 
such as exists in Ireland (and New Zealand), where the 
majority of cows calve in the spring (Berry et al., 2013) 
coinciding with the initiation of grass growth. For ex-
ample, based on the MDSM, a cow calving in May will, 
on average, be €522 less profitable than the same cow Ta
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Figure 6. Month of calving frequencies for each quartile on the 
cow own worth (COW; a) and economic breeding index (EBI; b) index 
(in order of best to worst; solid black, horizontal lines, solid gray, and 
diagonal lines).
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calving in February. The reduced profit of the later-
calving cow is predominantly due to a shorter lactation 
length (due to a fixed dry off date; December 1 in the 
present study). Therefore, reproductive performance, 
both the current month of calving and the expected 
future month of calving, is a crucial component in the 
expected lifetime profit of a cow. This is emphasized by 
the large relative contribution of month of calving to 
the variation among cows in COW value. It is impor-
tant to note that the genetic capacity of a cow to bring 
forward her calving date, even if she is not calving in 
the most optimum time period in the current lactation, 
is accounted for in the COW index using calving month 
transition matrices.
The true breeding value of an animal does not vary 
with age, yet the expected profitability will vary due 
to the remaining longevity expected for younger versus 
older cows. The expected lifetime of older animals is, 
on average, less than that of younger animals (Figure 
2), and older animals represent a smaller proportion of 
a first lactation equivalent than younger animals (Amer 
et al., 2001). Therefore, it is necessary to take into ac-
count that fewer replacements are required in the long 
term when an older cow is culled because older cows 
would need to be replaced in due course anyway. It 
is also important to recognize that a poor-performing 
young cow will continue to be a poor performer for 
more years than an equivalent older cow with less years 
remaining. Additionally, reducing the age profile of the 
herd will reduce herd performance due to the removal 
of older cows at the height of their productive ability. 
The salvage value from culling cows is put toward the 
expense associated with the generation of a replace-
ment heifer. Therefore, if a producer chooses to retain 
the older cow, the associated cost of replacement is re-
duced, until the cow is at the end of her productive life, 
where she will be replaced with a 2-yr-old replacement 
heifer anyway. Therefore, parity has a major influence 
on the future profitability of cows, irrespective of the 
genetic merit of the animal, and should be included 
where an index is used to rank cows on expected profit-
ability.
The narrow-sense heritability of milk production 
is approximately 0.3 but the repeatability is greater 
than 0.5, suggesting that approximately 20% of the 
phenotypic variation is due to permanent environ-
mental effects (Veerkamp and Brotherstone, 1997; 
Berry et al., 2003). Furthermore, although the narrow-
sense heritability for reproductive performance is low 
(Berry et al., 2014), Hoeschele (1991) estimated that 
the broad-sense heritability (where the numerator of 
heritability includes both additive and nonadditive 
genetic variation) can be at least twice the narrow 
sense heritability. Heterosis effects for milk production 
traits are approximately 4% of the mean (Penasa et al., 
2010). Buckley et al. (2014) documented that heterosis 
in Holstein-Friesian crosses increases the probability 
of a cow having a calf born to AI during the calving 
period by 3.4%. Therefore, considering only additive 
genetic merit of an individual in an index to rank the 
profitability of cows would bias against, in particular, 
crossbred animals displaying heterosis or animals with 
positive permanent environmental effects. This was 
substantiated by the large potential gains achievable 
in an F1 crossbred cow (Table 5). A Friesian-Jersey F1 
crossbred cow is expected, on average, to be €597 more 
profitable than her parental mean, compared with an 
average of €245 more profit than the parental mean 
from a Holstein-Friesian F1 crossbred cow, thus reflect-
ing the genetic distance between the purebred parents 
(Harris et al., 2014).
Performance of Animals Ranked on COW
Stratification of the COW and EBI indices into 4 
quartiles highlighted significant differences in cow per-
formance between the indices. Cows ranked in the top 
quartile on the COW index produced 291 kg more milk 
than the top quartile on EBI. Considering the prevailing 
milk price of 34.5 cents per liter, the top quartile cows 
in the COW index are expected to generate €103 more 
revenue per lactation than the best cows ranked on the 
EBI. Milk solids yield was also greater for the higher-
ranking cows in both indices. This may be an artifact 
of earlier-calving cows having a greater lactation length 
potential, but also superior genetic merit for higher milk 
solids (Table 4). The milk pricing system in Ireland 
rewards producers for higher milk solids and penalizes 
for volume. The prevailing payment is set at €8.07 per 
kg of protein, €2.83 per kg of fat, and −€0.07 per liter 
of milk volume. The difference in revenue between the 
best quartile and worst quartile of cows on the COW 
index was €360 per lactation. Cows in the top quartile 
had an average yield of 7,174 L and produced 548 kg of 
milk solids, valued at €2,391; cows in the worst percen-
tile group only averaged 6,349 L milk, containing 470 
kg of milk solids, at a value of €2,031. The difference 
in revenue between the best and worst quartile of cows 
ranked on the EBI was only €179, attributable to the 
smaller difference in milk volume and milk solids yield 
between the groups. The difference in revenue between 
the best and worst cows on the COW index was more 
pronounced (€360), showing that the COW index was a 
more accurate measure of phenotypic milk performance 
than the EBI.
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Deployment and Implementation of the COW Index
For the purposes of this study, it was assumed that 
the COW index of females was generated the day imme-
diately postcalving. The opportunity exists, however, to 
generate the COW index of a female at any time of the 
year incorporating all current information available. In 
particular, COW index values could be recalculated co-
inciding with the timing of national genetic evaluations 
when EBV, heterosis effects, recombination loss effects, 
and permanent environmental effects are re-estimated. 
As the breeding season progresses, additional knowl-
edge is generated on expected month of calving in the 
subsequent lactation. For example, a cow inseminated 
in the middle of June, irrespective of her total genetic 
merit for fertility, is very unlikely to calve in February 
the following lactation; this can be further refined once 
pregnancy diagnosis data becomes available and infor-
mation on fetal age (and thus more precise expected 
calving month) exists. Pregnancy diagnosis in seasonal 
calving herds usually occurs after the breeding season 
(Berry et al., 2013); therefore, if the pregnancy diag-
nosis reveals that the cow is not pregnant, then it may 
be assumed that she will not survive to the next lacta-
tion and the future lactation component of the COW 
index is set to zero. Additionally, the effect of the use of 
sexed semen will also alter expected profit for the next 
lactation. The future dairy replacement component of 
the COW index can be adjusted before a decision on 
whether or not X- or Y-bearing semen will be used. If 
pregnancy diagnosis or insemination information (i.e., 
farmer used Y-bearing semen) reveals that the fetus 
is male, then the probability that her calf in the next 
lactation will enter the herd as a dairy replacement can 
be set to zero; mate EBV for calving difficulty can also 
be used to modify the EPV of the cow for expected 
calving difficulty in the subsequent lactation. The deci-
sion to cull or retain a cow is generally made at the 
end of the breeding season after pregnancy diagnosis, 
and in seasonal breeding herds immediately before the 
breeding season (decision on whether or not to attempt 
to put the cow in calf). Because of the highly seasonal 
timing of breeding in Ireland (Berry et al., 2013), this 
implies that April and September may be a logical 
time of the year to generate these indices for aiding 
producers in decision making. This can also coincide 
with the generation of new genetic evaluations, but also 
the introduction of new economic weights following the 
annual review of the national breeding goal.
The net margin value on the different components 
of the COW index can also be easily modified to align 
with the production system of the farm. The initiation 
of the grass-growing season in Ireland differs by geo-
graphical location (Brereton et al., 1996); therefore, the 
relative differences between months in average expected 
profit could be altered by farm to reflect this farm-to-
farm variation. Furthermore, the milk pricing system in 
Ireland is tiered based on SCC; thus, the relative eco-
nomic importance of SCC could be altered depending 
on the mean herd bulk tank SCC. Prior to attending 
a sale of potential replacement animals, the producer 
could modify the parameters in the COW index values 
of the potential replacements and the most suitable 
animals identified and the threshold price that could 
be paid for each animal determined. Furthermore, the 
relevance of the current economic values in the national 
breeding goal is evaluated annually and, where neces-
sary, amended. Such amendments, including changes in 
prevailing milk prices (for current lactation component 
of the index), should be incorporated into the COW 
index simultaneously with their incorporation into revi-
sions of the EBI.
Developments in the use of genomic information 
in genetic evaluations can also aid in improving the 
precision of the COW (and EBI) index. Genomic 
evaluations to date have predominantly focused on the 
estimation of additive allelic effects, which will improve 
the accuracy of the EBV component of the COW in-
dex; this essentially is the EBI and thus represents 42% 
of the emphasis in the COW index. A heterosis and 
recombination loss effect common to all animals of a 
given breed cross is currently estimated in the national 
genetic evaluations and subsequently used in the gen-
eration of the COW index; the extent of heterosis, and 
thus its effect, is likely to differ by animal (mating). In 
some of the genetic evaluations in Ireland, the heterosis 
coefficients from alternative breed crosses are combined 
into a single coefficient to improve the precision of the 
associated regression coefficients estimated in the ge-
netic evaluations. Genomics should aid in better quan-
tification of individual animal heterosis effects through 
the estimation of genotype effects incorporating both 
additive and dominance effects (Sun et al., 2013). This 
information can also be used in designing genomic mat-
ings to maximize performance of the resulting progeny 
both for additive and nonadditive genetic merit (Sun 
et al., 2013).
The approach derived in the present study to assist 
dairy producers with cow culling and purchase deci-
sions constitutes a major departure from the complex 
decision-support tools that have received much atten-
tion in the literature. The COW index can be gener-
ated from the central database of dairy records and 
delivered in report format either in printed form, or 
as an interactive web-based interface. The COW index 
can also be expanded as additional phenotypes, such as 
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animal health, are recorded and stored in the central 
database. Although options exist for regular updates 
through the calendar year, and for customization if suf-
ficient information exists to customize the transition 
probabilities to particular herds, or types of herds or 
multiple management scenarios, the benefits are likely 
to be modest relative to the gains from using the COW 
index in a standard format compared with crude cull-
ing criteria or culling based on additive genetic merit 
prediction alone.
CONCLUSIONS
Tools already exist to identify females as suitable 
parents of the next generation. Few tools exist, how-
ever, to identify the least-profitable females for culling 
and most-profitable animals for purchasing. Culling 
is a function of total genetic merit as well as nonge-
netic attributes of the cow, such as age and season of 
calving. Outlined herein is a framework for a tool to 
rank females on expected profit for the remainder of 
their lifetime taking cognizance of all the important 
contributing factors to the cow herself as well as herd 
dynamics. Cows ranking highest on the COW index 
were not necessarily the females of the greatest additive 
genetic merit (and thus not the best females for selec-
tion as parents of the next generation), but, on average, 
calved at the most optimal period of the year, produced 
the greater quantity of milk, and were more likely to 
survive to the subsequent lactation.
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